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ABSTRACT 
DEVELOPMENT OF A METER FOR MEASUREMENT OF SEWER FLOW 
An experimental  and a n a l y t i c a l  s tudy  was performed t o  develop t h e  
geometry f o r  a v e n t u r i  type flow meter f o r  use  i n  sewer flow measure- 
ment. The meter c o n s i s t s  of a  c o n s t r i c t i o n  i n  t h e  p ipe  which produces 
c r i t i c a l  flow under open channel flow condi t ions  and a c t s  a s  a  con- 
v e n t i o n a l v e n t u r i  meter under f u l l  flow condi t ions .  
The c o n s t r i c t i o n  is cons t ruc ted  using c y l i n d r i c a l  segments whose 
diameter  a r e  l a r g e r  than t h a t o f  t h e  pipe and which a r e  a t t ached  t o  
t h e  s i d e s  of t h e  p ipe ,  l eav ing  t h e  i n v e r t  and crown c l e a r .  
Head l o s s  c h a r a c t e r i s t i c s  and experimental  r a t i n g  curves f o r  both open 
channel and f u l l  flow condi t ions  a r e  descr ibed.  A procedure i s  
presented ,  based on experimental d a t a ,  t o  t h e o r e t i c a l l y  cons t ruc t  a  
r a t i n g  curve i f  experimental c a l i b r a t i o n  is imprac t i ca l .  Information 
i s  a l s o  presented  t o  permit t h e  s e l e c t i o n  of geometr ical  parameters 
f o r  optimum performance f o r  a  s p e c i f i c  i n s t a l l a t i o n .  
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NOTATION 
A = cross  s e c t i o n a l  a rea ,  a l s o  c o e f f i c i e n t  
a  = absc i s sa  coordinate f o r  center  of c o n s t r i c t i o n  r ad ius ,  a l s o  
c o e f f i c i e n t  i n  Colebrook equation 
B = width of water su r face  
b  = c o e f f i c i e n t  i n  Colebrook equation 
CD = discharge c o e f f i c i e n t  
C = t o t a l  sk in  f r i c t i o n  coe f f i c i en t  F 
C = t o t a l  head l o s s  c o e f f i c i e n t  H 
c  = c o e f f i c i e n t  i n  Colebrook equation 
D = pipe  diameter 
f  = f r i c t i o n  f a c t o r  
g  = acce le ra t ion  due t o  g rav i ty  
h  = head 
hf = f r i c t i o n  l o s s  
hL = t o t a l  head l o s s  
hLT = o v e r a l l  head l o s s  f o r  f u l l  flow 
i = index 
K = cont rac t ion  l o s s  c o e f f i c i e n t  
C 
K = expansion o r  ent rance  l o s s  c o e f f i c i e n t  
e  
k = equivalent  roughness 
s 
L = length  between reference  sec t ions  
k = length  of f l a t  p l a t e  
N = Reynolds number = ~ R ~ V / V  R 
p  = c a r t e s i a n  absc issa ,  pressure  
P = absc i s sa  of water su r face  
W 
Q = discharge 
q = c a r t e s i a n  o rd ina te  
v i i i  
qw = ord ina t e  of water  s u r f a c e  
I$ = hydrau l i c  r ad ius  
\ = p l a t e  Reynolds number 
r = c o n s t r i c t i o n  r ad ius  
S  = h o r i z o n t a l  d i s t a n c e  between v e r t i c a l  d i ame t r i ca l  p lane  of p ipe  and 
po in t  where c o n s t r i c t i o n  i n t e r s e c t s  p ipe  w a l l  
S = pipe  s l o p e  
0 
Sf = f r i c t i o n  s lope  
t = time 
V = average v e l o c i t y  
x = d i s t a n c e  
y  = depth 
Yc = c r i t i c a l  depth 
'n 
= normal depth 
z  = v e r t i c a l  d i s t a n c e  
a = k i n e t i c  energy co r rec t ion  f a c t o r  
y = s p e c i f i c  weight of water  
8 = angle  
v = kinematic  v i s c o s i t y  
1. INTRODUCTION 
1.1 - Background 
The need f o r  a d d i t i o n a l  urban runoff d a t a  i s  w e l l  documented (1,2,31'~. 
I t  can be  used i n  t h e  development, c a l i b r a t i o n  and t e s t i n g  of mathematical 
models, a s  i n p u t  t o  urban water  resources management dec i s ions  and incor-  
pora ted  i n  urban drainage c o n t r o l  systems. 
A s u i t a b l e  meter f o r  continuous in-system flow measurement i d e a l l y  
would be  reasonably accura te  throughout a range of flow measurement inc luding  
f r e e  s u r f a c e  and pressur ized  flow cond i t i ons ,  cause minimum reduct ion  i n  flow 
capac i ty ,  r e q u i r e  a minimum of f i e l d  maintenance, b e  capable of continuous, 
r e a l  time measurement wi th  remote d a t a  t ransmission and could be  b u i l t  a t  
reasonable cos t .  
Many devices  o r  methods f o r  sewer flow measurement have been used 
o r  proposed. None a r e  i d e a l  i n  the  l i g h t  of the  above requirements.  Thus 
i t  was proposed t o  develop a flow meter which was designed t o  s a t i s f y  a s  
many of t hese  requirements as poss ib l e  a t  a low cos t .  The proposed meter i s  
b a s i c a l l y  a Venturi  device  o r  c o n s t r i c t i o n  which a c t s  as  a Venturi  type flume 
under f r e e  su r f ace  o r  p a r t  f u l l  condi t ions and a s  a convent ional  p ipe  Venturi  
meter under p re s su r i zed  o r  f u l l  flow condi t ions .  The s tudy  involves an attempt 
t o  opt imize the  design and t o  desc r ibe  i t s  performance c h a r a c t e r i s t i c s .  
1.2 - Object ives  
The genera l  ob jec t ive  of t h i s  s tudy  i s  t o  develop a flow meter which 
i s  capable of continuous measurement of flow w i t h i n  a sewer p ipe  under both 
open channel and f u l l  flow condit ions.  It should r e q u i r e  a minimum of a t t en -  
t i o n  and be compatible with a remote d a t a  recording system. 
R Raised numbers i n  pa ren thes i s  r e f e r  t o  re ference  l is t .  
Although f i e l d  t e s t s  a r e  n o t  included i n  t h i s  s t udy ,  l abo ra to ry  t e s t s  
were performed t o  determine: 
a )  The optimum geometry of t h e  meter  f o r  s p e c i f i c  i n s t a l l a t i o n  condi- 
t i o n s  s o  t h a t  a  balance between backwater e f f e c t s  and measurement 
accuracy can be  achieved. 
b )  To e v a l u a t e  t h e  head l o s s  c h a r a c t e r i s t i c s  of t h e  meter  s o  t h a t  
r a t i n g  curves f o r  meter geometrics n o t  t e s t e d  i n  t h e  l abo ra to ry  
can be es t imated .  
c )  To desc r ibe  t h e  c h a r a c t e r i s t i c s  of t h e  r a t i n g  curves under both 
open channel ,  t r a n s i t i o n ,  and f u l l  f low condi t ions .  
1 . 3  - Present  Methods and Devices 
There i s  a  l a r g e  amount of l i t e r a t u r e  a v a i l a b l e  i n  t h e  gene ra l  f i e l d  
of flow meters .  A summary of va r ious  types i s  presen ted  by ~ e ~ l o g l e ' ~ ) .  The 
number of methods s u i t a b l e  f o r  sewer flow measurement i s  a  sma l l  subse t  of 
those  summarized by Replogle and some of t he se ,  t oge the r  wi th  t h e i r  advan- 
tages  and d isadvantages ,  were d i scussed  by ~ e n z e l ' ~ ) .  Fur ther  d i s cus s ion  i n  
t h i s  r e p o r t  w i l l  be r e s t r u c t e d  t o  methods which can be  app l i ed  t o  sewer flow 
me a s  uremen t . 
Perhaps t he  s imp le s t  methods involve  t h e  measurement of only a  depth.  
This  may be done a t  a  f r e e  o v e r f a l l  assuming c r i t i c a l  depth i s  measured i f  
the  p ipe  s lope  i s  mild,  o r  a t  some po in t  along t h e  p ipe  where normal depth i s  
assumed t o  e x i s t .  An app rop r i a t e  equat ion i s  then employed t o  c a l c u l a t e  t h e  
d i scharge .  These methods of course a r e  no t  s u i t a b l e  f o r  f u l l  flow condi t ions .  
The depth measurement approach can be  improved by combining i t  wi th  
a  po in t  v e l o c i t y  measurement. By r e l a t i n g  t he  po in t  v e l o c i t y  t o  t h e  average 
v e l o c i t y  and t h e  depth measurement t o  t h e  c ros s  s e c t i o n a l  flow a r e a  the  
d i scharge  can be  computed. 
D i l u t i o n  methods y i e l d  d i s c h a r g e  d i r e c t l y  and can b e  used f o r  open 
channel  and f u l l  f low measurements. The sudden i n j e c t i o n  method has  been 
used t o  measure combined f lows i n  t h e  Minneapolis-St.  P a u l  area") i n  l a r g e  
sewers .  The con t inuous  i n j e c t i o n  method may b e  more s u i t a b l e  f o r  s m a l l  sewers  
where more r a p i d  v a r i a t i o n  i n  f low i s  a n t i c i p a t e d .  Both methods r e q u i r e  u s e  
of a  c o n c e n t r a t i o n  measuring d e v i c e  such  a s  a  spec t rophotomete r  and t h u s  a r e  
n o t  inexpens ive .  
The w e i r  can b e  used f o r  open channe l  measurement, however, i t  can 
p r e s e n t  problems by t r a p p i n g  d e b r i s  behind i t  o r  caus ing  e x c e s s i v e  backwater  
c o n d i t i o n s .  The ~ t e v e n s ' ~ )  p i p e  w e i r  was des igned  w i t h  s l o p i n g  upst ream and 
downstream f a c e s  t o  f a c i l i t a t e  s e l f - c l e a n i n g .  Another w e i r  produced by 
N. B. P roduc t s  is a  V-notch t y p e  which is  wedged i n t o  p l a c e  u s i n g  a  screw 
t y p e  clamp. 
(8) C r i t i c a l  f low flumes have been used and s t u d i e d  e x t e n s i v e l y  . 
I n  1936 Palmer and bow hi^(^) i n t r o d u c e d  a f l a t  bottom flume s p e c i f i c a l l y  
des igned  f o r  p i p e s .  This  type of d e s i g n  h a s  been s t u d i e d  i n  d e t a i l  by Wells 
and Gotaas ( l o )  who have d e s c r i b e d  i t s  performance c h a r a c t e r i s t i c s .  
A d i f f e r e n t  type  of c r i t i c a l  f low d e v i c e  was i n t r o d u c e d  by Disk in  (11) 
c o n s i s t i n g  o f  a pier-shaped e lement  which i s  wedged between t h e  crown and t h e  
p i p e  i n v e r t .  The f low p a s s e s  on b o t h  s i d e s  of t h e  c o n s t r u c t i n g  p i e r  caus ing  
c r i t i c a l  f low. The d e v i c e  h a s  t h e  d i sadvan tage  o f  t r a p p i n g  d e b r i s  a t  t h e  
nose  o f  t h e  p i e r ,  r e q u i r i n g  f r e q u e n t  i n s p e c t i o n .  
I n  1972 t h e  Ci ty  of Los Angeles completed tests on t h e  a d a p t a t i o n  
of a  c r i t i c a l  dep th  meter t o  sewer f low measurement. C r i t i c a l  f l o w  i s  
produced a t  a  r e d u c t i o n  i n  p i p e  d iamete r  and a change from mi ld  t o  s t e e p  
(12 s l o p e  . 
Perhaps  t h e  most r e c e n t  t y p e s  of mete r s  a r e  based on t h e r m a l ,  
a c o u s t i c  o r  e l e c t r o m a g n e t i c  p r i n c i p l e s .  Two types  of t h e r m a l  meters des igned  
f o r  measuring b o t h  f u l l  and open channe l  f low have been developed. Thermal 
Ins t rument  Co. ( I 3 )  h a s  developed a  meter  which employs a series of s e n s i n g  
e lements  mounted around t h e  o u t s i d e  of t h e  p i p e .  Heat conducted from t h e  
e lements  i s  a f u n c t i o n  o f  f low i n  t h e  boundary l a y e r  i n  t h e  v i c i n i t y  of t h e  
e lement .  A s e r i e s  of dep th  s e n s o r s  a r e  a l s o  mounted on t h e  o u t s i d e  o f  t h e  
p i p e .  The i n t e g r a t e d  r e a c h i n g  of t h e  v e l o c i t y  e lements  combined w i t h  an  
a r e a  d e t e r m i n a t i o n  based  on t h e  depth  s e n s o r s  y i e l d s  t h e  d i s c h a r g e .  
Another t h e r m a l  t echn ique  was s t u d i e d  by Hydrospace-Challenger,  
Inc .  ( I 4 )  which was based  on measuring t h e  t ime-of - f l igh t  o f  the rmal  p u l s e s  
g e n e r a t e d  a t  v a r i o u s  p o s i t i o n s  around t h e  p e r i p h e r y  of t h e  p i p e .  P r o t o t y p e  
t e s t s  i n d i c a t e d  t h a t  s i g n i f i c a n t  f l u c t u a t i o n s  of t h e  o u t p u t  s i g n a l  occur red  
r e s u l t i n g  i n  unaccep tab le  accuracy.  It was concluded t h a t  more i n v e s t i g a -  
t i o n  of t h e  e f f e c t s  of v e l o c i t y  f l u c t u a t i o n s  i n  t h e  boundary l a y e r  on t h e  
p u l s e  v e l o c i t y  was r e q u i r e d .  
Acous t i c  f low mete r s  employ probes  which t r a n s m i t  u l t r a s o n i c  p u l s e s  
d i a g o n a l l y  a c r o s s  t h e  f low i n  b o t h  t h e  upst ream and downstream d i r e c t i o n s .  
The d i f f e r e n c e  i n  t h e  p u l s e  v e l o c i t y  i n  t h e s e  two d i r e c t i o n s  i s  p r o p o r t i o n a l  
t o  t h e  average  f l u i d  v e l o c i t y  a c r o s s  t h e  p u l s e  p a t h .  When combined w i t h  a 
dep th  i n d i c a t o r  t o  p e r m i t  t h e  f low a r e a  t o  b e  determined,  t h e  d i s c h a r g e  can 
b e  computed. Commercial u n i t s  a r e  manufactured by Westinghouse ( I 5 )  and 
Badger Meter,  I n c .  (16) 
Badger mete r s  have been i n s t a l l e d  i n  36 and 48 i n .  d iamete r  s to rm 
sewers  and t h e  company c la ims t h a t  accuracy is  + 2% of a c t u a l  r e a d i n g  over  
an 8 : l  r ange  of f lows ,  w i t h  no e f f e c t  of suspended s o l i d s  up t o  a concentra-  
t i o n  of 250 p a r t s  p e r  m i l l i o n .  
A  s i d e  c o n t r a c t i o n  f low meter somewhat similar t o  t h a t  d e s c r i b e d  
(17) i n  t h i s  r e p o r t  was i n s t a l l e d  a t  t h e  Iowa I n s t i t u t e  f o r  Hydrau l ic  Research . 
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2 .  THEORY 
2 . 1  - One-Dimensional Flow Equat ions  
Consider a c i r c u l a r  p i p e  of d iamete r  D on a s l o p e  So w i t h  a con- 
s t r i c t e d  s e c t i o n  as shown i n  Fig .  1. Reference s e c t i o n  1 is  d e f i n e d  
immediately upst ream from t h e  c o n s t r u c t i o n  and s e c t i o n  2 i s  i n  t h e  cons t ruc -  
t i o n  a  d i s t a n c e  L downstream from s e c t i o n  1. I n  a d d i t i o n  t h e  fo l lowing  
assumptions  a r e  made: 
1. Steady flow 
2.  H y d r o s t a t i c  p r e s s u r e  d i s t r i b u t i o n  a t  t h e  r e f e r e n c e  s e c t i o n s  
3 .  Small  s l o p e  
4. Two and t h r e e  dimensional  e f f e c t s  are n e g l i g i b l e  o r  a r e  
accounted f o r  as c o e f f i c i e n t s  o r  energy l o s s  terms i n  t h e  
energy e q u a t i o n  
The energy e q u a t i o n  can t h e n  b e  w r i t t e n  
where y  = dep th ,  A = c r o s s  s e c t i o n a l  f low a r e a ,  a = k i n e t i c  energy c o r r e c t i o n  
f a c t o r ,  z = v e r t i c a l  d i s t a n c e  from some datum and Q = d i s c h a r g e .  The term 
h  r e p r e s e n t s  t h e  t o t a l  energy l o s t  between t h e  r e f e r e n c e  s e c t i o n s  and i t s  L 
e v a l u a t i o n  is  i m p o r t a n t  and w i l l  be  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  The 
e q u a t i o n  can be  s o l v e d  f o r  t h e  d i s c h a r g e  i f  a l l  o t h e r  terms are measured 
o r  e v a l u a t e d .  
I f  open channe l  f low e x i s t s  and A is  small enough, c r i t i c a l  f low 2  
w i l l  occur  a t  some p o i n t  i n  t h e  c o n s t r u c t i o n .  I f  s e c t i o n  2  i s  d e f i n e d  a t  

t h i s  p o i n t  a  second r e l a t i o n s h i p  can b e  employed 
where B = t h e  wid th  of t h e  f r e e  s u r f a c e  a t  s e c t i o n  2.  By s u b s t i t u t i n g  Eq. 3 2 
i n t o  Eq. 2 a long  w i t h  t h e  known r e l a t i o n s h i p s  between A,  y  and B ,  t h e  d i s -  
charge  can b e  i m p l i c i t l y  determined by measuring o n l y  y  and e v a l u a t i n g  h  1 E ' 
s i n c e  a l l  o t h e r  terms a r e  known. 
I f  t h e  p i p e  is  f lowing f u l l  A1 and A, a r e  c o n s t a n t .  Equat ion 2 L 
a p p l i e s  i f  t h e  depth  is r e p l a c e d  by t h e  p r e s s u r e  head,  p l y .  By d e f i n i n g  t h e  
p i e z o m e t r i c  head ,  h ,  as 
.and s u b s t i t u t i n g ,  Eq. 2 becomes 
which can b e  r e w r i t t e n  a s  
where Ah = h  -h a 2  = a and C,, is  a d i s c h a r g e  c o e f f i c i e n t  which accounts  1 2' 1 
f o r  energy l o s s  and a. 
2.2 - Energy Loss 
A c o n s i d e r a b l e  amount h a s  been done r e g a r d i n g  energy l o s s e s  i n  
c o n s t r i c t i o n  and measuring flumes.  I n  g e n e r a l  t h e  energy l o s s  h  can b e  L  
cons idered  t o  b e  made up of two components, a  f r i c t i o n  l o s s  over  t h e  l e n g t h  L  
and a c o n t r a c t i o n  o r  eddy l o s s  due t o  t h e  c o n t r a c t i o n  and expansion of t h e  
f low as i t  p a s s e s  through t h e  e n t r a n c e  t r a n s i t i o n  i n t o  t h e  c o n s t r i c t i o n .  
A number of r e l a t i o n s h i p s  have been proposed f o r  open channel  
expansions  and c o n t r a c t i o n s .  These i n c l u d e  
where K = a c o n t r a c t i o n  l o s s  c o e f f i c i e n t ,  KE = an expansion l o s s  c o e f f i c i e n t ,  
C 
and V and V r e p r e s e n t  v e l o c i t i e s  upstream and downstream r e s p e c t i v e l y  of 1 2  
t h e  expansion o r  c o n t r a c t i o n .  
The f r i c t i o n  l o s s  may b e  expressed  as 
where f  = a  f r i c t i o n  f a c t o r  \ = t h e  h y d r a u l i c  r a d i u s ,  and S  = t h e  f r i c t i o n  f  
s l o p e .  Two methods f o r  e v a l u a t i n g  f  have been used ( 8 ) .  One method employs 
t h e  c o n v e n t i o n a l  Darcy-Weisbach c o e f f i c i e n t  which can b e  expressed  i n  v a r i o u s  
ways ( I 8 ) .  For  f lows  i n  t h e  t r a n s i t i o n  r e g i o n  and h i g h e r  t h e  Colebrook equa- 
t i o n  conver ted  t o  open channe l  f low can b e  used. 
where k  = t h e  roughness ,  N = t h e  Reynolds number 4\V/v where v  = t h e  
s R 
k i n e m a t i c  v i s c o s i t y ,  and a ,  b  and c  a r e  c o e f f i c i e n t s  w i t h  t y p i c a l  v a l u e s  o f  
14.8 ,  2 .51  and 2 . 1  r e s p e c t i v e l y .  
Another method of  e v a l u a t i n g  f  used by Replogle  ( I 9 )  i n v o l v e s  t h e  
use  of t h e  f l a t  p l a t e  boundary l a y e r  e q u a t i o n s .  The assumption i s  t h a t  a 
boundary b e g i n s  a t  t h e  e n t r a n c e  t o  t h e  t r a n s i t i o n  and grows through t h e  
. t r a n s i t i o n  i n t o  t h e  c o n s t r u c t i o n .  I n i t i a l l y  t h e  boundary l a y e r  i s  laminar ,  
b u t  i t  becomes t u r b u l e n t  a t  some c r i t i c a l  v a l u e  of t h e  p l a t e  Reynolds number , 
vx R = - where x  is  t h e  d i s t a n c e  from l e a d i n g  edge of t h e  p l a t e .  For  smooth L v  
p l a t e s  w i t h  boundary l a y e r s  which are t u r b u l e n t  from t h e  l e a d i n g  edge onward 
S c h l i c h t i n g  h a s  p r e s e n t e d  a  r e l a t i o n s h i p  which a g r e e s  w e l l  w i t h  exper imenta l  
d a t a  (20) 
where C = t h e  t o t a l  s k i n  f r i c t i o n  c o e f f i c i e n t  which i s  r e l a t e d  t o  f  i n  Eq. 8 F  
by f = 4CF. S c h l i c h t i n g  a l s o  p r e s e n t s  a c o r r e c t i o n  term t o  account  f o r  t h e  
i n i t i a l  l aminar  p o r t i o n  of t h e  boundary l a y e r  
where A is  a c o e f f i c i e n t  which vanes w i t h  t h e  c r i t i c a l  v a l u e  of . % 
For f u l l y  rough f low S c h l i c h t i n g  h a s  p r e s e n t e d  t h e  i n t e r p o l a t i o n  
fo rmula  
0 CF = (1.89 + 1.62 l o g  -) 
ks 
f o r  boundary l a y e r s  which a r e  t u r b u l e n t  a t  t h e  l e a d i n g  edge o f  t h e  p l a t e .  
I n  Eq. 12 Q i s  t h e  l e n g t h  o f  t h e  p l a t e .  
It shou ld  b e  emphasized t h a t  none o f  t h e  above e q u a t i o n s  can 
d e s c r i b e  e x a c t l y  t h e  complex energy d i s s i p a t i o n  p r o c e s s  which occurs  between 
r e f e r e n c e  s e c t i o n s  1 and 2  i n  F ig .  1. It i s  l i k e l y  t h a t  some s e p a r a t i o n  
o c c u r s  a t  t h e  end of t h e  t r a n s i t i o n  s e c t i o n  a s  t h e  f low e n t e r s  t h e  c o n s t r i c -  
t i o n .  I f  s o  Eq. 8  would b e  i n s u f f i c i e n t  and a  combinat ion of pe rhaps  one of 
Eq. 7 and Eq. 8  could  b e  used.  I f  t h e  boundary l a y e r  e q u a t i o n s  a r e  used t o  
e v a l u a t e  f  i t  i s  d i f f i c u l t  t o  j u s t i f y  t h e  use  of a  c o r r e c t i o n  term f o r  t h e  
l aminar  p o r t i o n  s i n c e  t h e  c o n s t r i c t i o n  i s  n o t  an i d e a l i z e d  f l a t  p l a t e .  A 
boundary l a y e r  a l r e a d y  e x i s t s  a t  t h e  beg inn ing  of t h e  t r a n s i t i o n .  Fur the r -  
more, s i n c e  a  p o r t i o n  of t h e  c o n s t r i c t i o n  p e r i m e t e r  a t  t h e  i n v e r t  and crown 
c o n s i s t s  o f  t h e  o r i g i n a l  p i p e  geometry, t h e  e q u a t i o n s  s h o u l d  a c t u a l l y  b e  
a p p l i e d  o v e r  on ly  t h e  a p p r o p r i a t e  p o r t i o n s  of t h e  c o n s t r i c t i o n .  Th is  r e f i n e -  
ment is  a l s o  u n j u s t i f i e d  i n  view of  t h e  o t h e r  approximat ions  invo lved .  
2 . 3  - Nondimensional V a r i a b l e s  
It i s  u s e f u l  t o  d i s c u s s  r e s u l t s  i n  d imens ion less  form s o  they  can 
e a s i l y  b e  t r a n s f e r r e d  t o  o t h e r  p i p e  s i z e s .  The r e f e r e n c e  l e n g t h  used t o  do 
t h i s  i s  t h e  p i p e  d iamete r  D. Some d imens ion less  v a r i a b l e s  t h u s  formed a r e  
where t h e  primed v a r i a b l e s  a r e  d imens ion less .  I f  t h e  p r e v i o u s  f low e q u a t i o n s  
such a s  Eqs. 1, 2 ,  5 and 6 were w r i t t e n  i n  d imens ion less  form t h e y  would 
appear  similar t o  t h e  d imens iona l  form e x c e p t  a l l  v a r i a b l e s  would b e  primed 
and g would n o t  appear  s i n c e  i t  i s  absorbed i n  V' o r  Q ' .  
S i n c e  t h e  r e s u l t s  w i l l  have g r e a t e r  v a l u e  i n  terms of t r a n s f e r -  
a b i l i t y  i f  they  a r e  p r e s e n t e d  i n  d imens ion less  form t h i s  p rocedure  w i l l  b e  
fol lowed.  
3.  EXPERIMENTAL EQUIPMENT AND PROCEDURE 
3 . 1  - Flow System 
- 
The b a s i c  sys tem c o n s i s t e d  o f  an 8 i n .  i n s i d e  d iamete r  c a s t  
a c r y l i c  p i p e  w i t h  a s t r a i g h t  run of 140 f t .  The p i p e  was suspended from 
hangers  welded t o  t h e  s teel  frame of a  t i l t i n g  channe l  s o  t h a t  t h e  p i p e  
s l o p e  could b e  v a r i e d .  A 4 f t .  long removable s e c t i o n  c o n t a i n i n g  t h e  con- 
s t r i c t i o n  was l o c a t e d  90 f t .  from t h e  beg inn ing  of t h e  s t r a i g h t  run.  
F igure  2  shows a  view of t h e  p i p e  and hanger  sys tem look ing  upst ream from 
t h e  t e s t  s e c t i o n .  
Flow was p rov ided  from a c o n s t a n t  head t a n k  which provided a 
s t a t i c  head of approximately  50 f t .  The maximum d i s c h a r g e  which could  
b e  g e n e r a t e d  w i t h  a  c o n s t r i c t i o n  i n  t h e  p i p e  was 2.25 c f s .  Flow was moni- 
t o r e d  by means of a set  of o r i f i c e  p l a t e s  which were  c a l i b r a t e d  by t h e  
s t a n d a r d  weighing t echn ique  u s i n g  t h e  weighing t anks  a v a i l a b l e  i n  t h e  
l a b o r a t o r y .  A check on t h e  d i s c h a r g e  r e a d i n g  was p rov ided  by a c a l i b r a t e d  
w e i r  t a n k  a t  t h e  d i s c h a r g e  end of t h e  p i p e .  The d i s c h a r g e s  o b t a i n e d  from 
t h e s e  methods u s u a l l y  agreed  t o  w i t h i n  1 p e r c e n t .  
The f r e e  s u r f a c e  p r o f i l e  f o r  open channel  f low was measured by 
a series of  p iezomete r  t a p s  a long  t h e  i n v e r t  o f  t h e  p i p e  throughout  i t s  
l e n g t h .  The t a p s  were spaced  a t  i n t e r v a l s  of 1 . 0  D n e a r  t h e  test s e c t i o n  
and a t  i n t e r v a l s  o f  0 . 5  D w i t h i n  t h e  test s e c t i o n .  Each t a p  was connected 
t o  a 6 i n .  d i a m e t e r  s t i l l i n g  w e l l .  Head was r e a d  t o  w i t h i n  0 .001 f t .  u s i n g  
a  p o i n t  gage. F i g u r e  3 shows a  bank of  s t i l l i n g  w e l l s  and t h e  p iezomete r  
l i n e s  can b e  s e e n  i n  Fig .  2.  For f u l l  flow tests t h e  p iezomete rs  used 
were connected t o  a d i f f e r e n t i a l  manometer s o  t h a t  d i f f e r e n c e  i n  p i e z o m e t r i c  
head between any two t a p s  was measured d i r e c t l y .  

3.2 - Flow Meter Geometry 
S e v e r a l  types  of c o n s t r i c t i o n  geometry were cons idered .  It was 
dec ided  t h a t  f o r  s e l f - c l e a n i n g  purposes  t h e  f low l i n e s  n e a r  t h e  p i p e  i n v e r t  
' ?  
should  n o t  be  d i s t u rbed .  It was a l s o  apparen t  e a r l y  i n  t h e  s t u d y  t h a t  a 
s p e c i f i c  s i z e  of c o n s t r i c t i o n  w a s  n o t  optimum f o r  a l l  s l o p e s  i f  backwater 
e f f e c t s  were t o  be  minimized. There fore  a g e n e r a l i z e d  geometry shown i n  
Fig .  1 was adopted.  The c o n s t r i c t i o n  i s  gene ra t ed  by a c i r c u l a r  s e c t i o n  of 
1 
r a d i u s  r ( r  > D/2) whose c e n t e r  is  on t h e  h o r i z o n t a l  d i a m e t r i c a l  p l ane  of 
I 
t h e  p i p e  and d i s p l a c e d  such t h a t  t h e  c o n s t r i c t i o n  meets t h e  p i p e  w a l l  a t  
i I 
I a  d i s t a n c e  S from t h e  v e r t i c a l  d i a m e t r i c a l  p lane .  Although t h e  asymmetr ical  
I case  i s  shown i n  Fig .  4, t h e  symmetr ical  c a s e  w i t h  i d e n t i c a l  c o n s t r i c t i o n s  
1 
on e i t h e r  s i d e  o f  t h e  v e r t i c a l  d i a m e t r i c a l  p l ane  were a l s o  s t u d i e d .  A 
I t r a n s i t i o n  e n t r a n c e  and e x i t  s e c t i o n  w a s  c o n s t r u c t e d  on a 4 : l  s l o p e  a s  
shown. A t h r o a t  l e n g t h  of 4D was shown a l though  a l eng th  of 2D was a l s o  
1 t e s t e d .  
I This  geometry h a s  s e v e r a l  advantages .  It l e a v e s  b o t h  t h e  crown 
: 1 
and i n v e r t  c l e a r  t o  permi t  s e l f - c l e an ing .  It can b e  b u i l t  from s e c t i o n s  
I o f  l a r g e r  c i r c u l a r  p i p e s  o r  molded on a c y l i n d r i c a l  form and t h e  c o n s t r i c -  
J 
t i o n  a r e a  can be  v a r i e d  over  a  wide range by va ry ing  r and /or  S. For 
1 
. I example, f o r  r / D  > 100 t h e  c o n s t r i c t i o n  w a l l  i s  e s s e n t i a l l y  a  v e r t i c a l  
p l a n e  and f o r  r / D  = 0 .5  t h e  c o n s t r i c t i o n  van ishes .  
3 .3  - Procedure  
I 
1 
The independent  v a r i a b l e s  which were expe r imen t a l l y  i n v e s t i g a t e d  
I 
1 were d i s cha rge ,  p i p e  s l o p e ,  roughness and c o n s t r i c t i o n  geometry. For  f u l l  
f low cond i t i ons  t h e  p i p e  s l o p e  is  n o t  s i g n i f i c a n t  s i n c e  p i ezome t r i c  head 1 
1 
I d i f f e r e n c e s  were measured. The va r i ous  c o n s t r i c t i o n s  and s l o p e s  used f o r  
I open channe l  t e s t s  a r e  summarized i n  Tab le  1. & .  
1~3r~2aunuds 'gs'o = a/z (q) 
Table  1 
Open Channel T e s t s  
Asymmetrical Symmetrical  
!18 1 i . 8  :.66 :.56 S l o  .;02 e r / D  
,008 x , *  x ,  /I 
,015 x,/I 
x  = smooth w a l l  
* = rough w a l l  
/I = s h o r t  t h r o a t  (2.25 D) 
The t h r o a t  l e n g t h  f o r  a l l  b u t  t h e  two tests shown was 4D and S/D f o r  a l l  
c a s e s  was 0.1. 
Most of t h e  tests were performed u s i n g  smooth p l e x i g l a s s  as t h e  
s u r f a c e  material. Uniform and f u l l  f low tests w i t h o u t  a c o n s t r i c t i o n  i n d i -  
c a t i n g  an e q u i v a l e n t  roughness v a l u e  of 0.000167 f t .  w a s  a p p r o p r i a t e .  To 
s i m u l a t e  a  rougher  s u r f a c e ,  nylon n e t t i n g  was g l u e d  t o  t h e  s u r f a c e  through- 
o u t  t h e  c o n s t r i c t i o n  and upstream f o r  s e v e r a l  d i a m e t e r s .  F u l l  f low t e s t s  
w i t h o u t  a c o n a t r i c t i o n  i n d i c a t i n g  an e q u i v a l e n t  roughness of 0.00333 f t .  
cou ld  b e  used f o r  t h i s  case .  
F u l l  f low t e s t s  were performed u s i n g  a l l  c o n s t r i c t i o n s  shown i n  
Tab le  1 p l u s  a roughened symmetr ical  one w i t h  r / D  = 0.56. 
For each open channe l  test t h e  d i s c h a r g e  was v a r i e d  such t h a t  t h e  
depth  j u s t  upstream from t h e  e n t r a n c e  t o  t h e  t r a n s i t i o n ,  y  / D ,  ranged from 
1 
approximately  0 . 1  t o  0.98. Th is  corresponded t o  a  d i s c h a r g e  range  o f  30 : l .  
S u r f a c e  p r o f i l e s  were recorded  f o r  each f low a s  w e l l .  
For  f u l l  f low t e s t s  a  d i f f e r e n t i a l  manometer was connected between 
t h e  t a p  a t  s e c t i o n  1 and v a r i o u s  o t h e r  t a p s  s o  t h a t  t h e  h y d r a u l i c  g rade  l i n e  
w i t h  r e s p e c t  t o  s e c t i o n  1 could be e s t a b l i s h e d .  Data were a l s o  t a k e n  i n  
t h e  t r a n s i t i o n  range between open channel  and f u l l  f low f o r  b o t h  i n c r e a s i n g  
and d e c r e a s i n g  d i s c h a r g e  inc rements .  F i g u r e  4 shows views o f  some of t h e  
c o n s t r i c t i o n s  t e s t e d .  
4. RESULTS 
4 . 1  - Q u a l i t a t i v e  D e s c r i p t i o n  o f  Hydrau l ic  C h a r a c t e r i s t i c s  
Var ious  c l a s s i f i c a t i o n s  o f  f low and t y p e s  of w a t e r  s u r f a c e  p r o f i l e s  
a r e  p o s s i b l e  depending on t h e  s l o p e  and roughness of t h e  p i p e ,  t h e  a r e a  o f  
t h e  c o n s t r i c t i o n  and t h e  downstream c o n t r o l .  I f  t h e  c o n s t r i c t i o n  a r e a ,  
*29 
is s m a l l  enough, c r i t i c a l  depth  w i l l  e x i s t  i n  t h e  c o n s t r i c t i o n  caus ing  back- 
w a t e r .  Table 2 summarizes t h e  p o s s i b l e  s u r f a c e  p r o f i l e s  f o r  s t e a d y  open 
channel  f low assuming no downstream e f f e c t s  from backwater  o r  drawdown a t  
t h e  o u t l e t .  
Tab le  2 - Water S u r f a c e  P r o f i l e s  
Flow C l a s s i f i c a t i o n  
F a r  Upstream 
C o n s t r i c t i o n  
C o n t r o l  
Subcr i  t i c a l  
S u r f a c e  P r o f i l e  
Downstream Upstream 
Sub c r i  t i c a l  I No 1 backwater  I d i p ,  y  > yc  ( uniform 
C o n s t r i c t i o n  
Yes backwater ,  
Y ' Y n  
S u p e r c r i  t i c a l  Yes 
drop through 
c r i t i c a l  
h y d r a u l i c  
j U ~ P  
S u p e r c r i t i c a l  I No 1 uniform 1 hump, y  < yc  1 uniform 
h y d r a u l i c  
j U ~ P  
The most impor tan t  c h a r a c t e r i s t i c  from a  p r a c t i c a l  v iewpoint  i s  t h e  
upstream backwater  caused by t h e  c o n s t r i c t i o n  s i n c e  t h i s  w i l l  reduce t h e  
d i s c h a r g e  a t  which t h e  p i p e  f lows f u l l  and thus  reduce  i t s  c a p a c i t y  i f  f u l l  
f low i s  t h e  c r i t e r i a  on which t h i s  i s  judged. This  i s  d i s c u s s e d  q u a n t i t a -  
t i v e l y  l a t e r  i n  t h i s  c h a p t e r .  
drop through 
c r i t i c a l  
uniform 
Table  2 d e s c r i b e s  s u r f a c e  p r o f i l e s  from a  one-dimensional v iewpoin t  
on ly .  However, t h e  wave p a t t e r n s  set  up shou ld  b e  d i s c u s s e d  a s  w e l l .  These 
p a t t e r n s  were most s e v e r e  w i t h  t h e  asymmetr ical  c o n s t r i c t i o n .  When c o n t r o l  
e x i s t s  s t a n d i n g  waves a r e  e s t a b l i s h e d  a t  each a b r u p t  change i n  geometry which 
r e f l e c t  back and f o r t h  a c r o s s  t h e  p i p e  i n  t h e  downstream d i r e c t i o n .  However, 
of even g r e a t e r  magnitude i s  t h e  s w i r l i n g  o r  j e t  a c t i o n  of most of t h e  f low 
a s  i t  p a s s e s  through t h e  expansion t r a n s i t i o n .  Th is  d i r e c t s  t h e  f low a g a i n s t  
t h e  p i p e  w a l l  o p p o s i t e  t h e  t r a n s i t i o n  which r i d e s  up t h e  w a l l  forming a  wave, 
and i s  t h e n  r e f l e c t e d  back and f o r t h  a c r o s s  t h e  p i p e  a s  t h e  f low proceeds  
downstream. F i g u r e s  5 and 6 show views o f  v a r i o u s  s u r f a c e  p r o f i l e s  and 
F ig .  5 ( a )  shows t h e  wave p a t t e r n  d e s c r i b e d  above. The p a t t e r n  f o r  t h e  
symmet r ica l  c o n s t r i c t i o n  i s  somewhat s i m i l a r  b u t  n o t  a s  v i o l e n t .  S ince  t h e  
f low expands on b o t h  s i d e s  of t h e  p i p e  a  symmetr ical  p a t t e r n  is e s t a b l i s h e d  
w i t h  r e i n f o r c e m e n t  a long  t h e  c e n t e r l i n e  o f  t h e  f low. It shou ld  be  p o i n t e d  
o u t  t h a t  t h e s e  wave p a t t e r n s  have no  a d v e r s e  e f f e c t  on t h e  upstream mea- 
s u r i n g  s e c t i o n  s i n c e  they do n o t  p ropoga te  upst ream through t h e  a c t u a l  
s e c t i o n .  
During most o f  t h e  t e s t s  a  f r e e  d i s c h a r g e  e x i s t e d  a t  t h e  o u t l e t .  
I f  a  submerged c o n d i t i o n  e x i s t s  t h e  p i p e  w i l l  e v e n t u a l l y  f low f u l l .  However, 
a s  long a s  t h e  dep th  a t  t h e  measuring s e c t i o n  i s  l e s s  t h a n  t h e  p i p e  diame- 
ter ,  t h e  open channel  r a t i n g  curve a p p l i e s  even though t h e  downstream p o r t i o n  
may b e  f lowing  f u l l .  
4 .2  - Energy Loss - Open Channel Flow 
The b e s t  way t o  c a l i b r a t e  any mete r  is  t o  s t a r t  t h e  f u l l  s i z e  
p r o t o t y p e  i n  p l a c e .  S i n c e  t h i s  probably  i s  n o t  f e a s i b l e  f o r  sewer f low 
measurements an e s t i m a t e  of t h e  r a t i n g  curve  must be  made. Of b a s i c  impor- 
t a n c e ,  t h e r e f o r e ,  i s  a  means of e s t i m a t i n g  t h e  energy l o s s .  The e f f e c t  o f  
uoy~ayx~suo3 ~10x3 ueax~sdn durnr ay~nexpd~ (q) 

the energy l o s s  term i n  Eq. 2 can be seen  by comparing t h e  s o l u t i o n  t o  Eqs. 2 
and 3 with hL = 0 wi th  the  experimental  da ta .  The r e s u l t s  vary somewhat de- 
pending on the  p a r t i c u l a r  geometry and s lope ,  b u t  the  r e l a t i v e  e r r o r  f o r  
smooth c o n s t r i c t i o n s  i s  approximately 50%, 20%, and 15% f o r  values of y /D 1 
of 0.2,  0.5 and 0.9 r e spec t ive ly .  Although t h e  e r r o r  drops sharp ly  a s  the  
flow inc reases ,  i t  i s  s t i l l  very s i g n i f i c a n t  a t  a l l  discharges and c l e a r l y  
must be accounted f o r .  I f  the c o n s t r i c t i o n  were c o n s t r i c t e d  of m a t e r i a l  
rougher than p l e x i g l a s s  the e r r o r  would be even l a r g e r .  
The ana lys i s  was made by assuming t h a t  t he  t o t a l  energy l o s s  was 
made up of a combination of f r i c t i o n  l o s s  over the  length L between s e c t i o n s  
1 and 2 (see Fig. 1 )  and an eddy l o s s  caused by cont rac t ion  and expansion 
of the flow between the  end of the  en t rance  t r a n s i t i o n  and the  c r i t i c a l  
s e c t i o n  
where Sf is  t h e  l o c a l  value of the  f r i c t i o n  s lope  and K i s  an ent rance  
e 
c o e f f i c i e n t .  The t o t a l  length  L can be  broken i n t o  th ree  regions and 
S evaluated s e p a r a t e l y  f o r  each. Between the  measuring s e c t i o n  and the  f 
en t rance  t o  the  t r a n s i t i o n ,  L1, S can be est imated us ing  Eq. 8 wi th  f f  
eva lua ted  a t  s e c t i o n  1 using Eq. 9. I n  the  en t rance  t r a n s i t i o n ,  L 2 ,  t he  
f r i c t i o n  s lope  i s  inc reas ing  and can be approximated by t h e  average of t h e  
values a t  s e c t i o n  1 and the  c r i t i c a l  s e c t i o n  2, evaluated using Eqs. 8 
and 9.  In  t h e  c o n s t r i c t i o n ,  L3, t he  boundary l a y e r  equat ions can be 
employed t o  eva lua te  f  assuming a f u l l y  tu rbu len t  boundary l a y e r  a t  t he  
end of t he  en t rance  t r a n s i t i o n .  Therefore, Eqs. 10 and 12 were used where 
the  length  parameter value used was L and the  v e l o c i t y  was the  c r i t i c a l  3 
va lue .  An a l t e r n a t i v e  t o  t h i s  would b e  t o  use  Eq. 9 t o  e v a l u a t e  f  a t  t h e  
c r i t i c a l  s e c t i o n .  There fore ,  t h e  f i r s t  term of Eq. 1 4  can b e  broken down 
i n t o  t h r e e  components 
Eva lua t i on  of Eq. 1 5  r e q u i r e s  t h a t  t h e  roughness of t h e  p ipe  and 
c o n s t r i c t i o n  b e  known a s  w e l l  as t h e  v e l o c i t i e s  and dep ths  a t  s e c t i o n s  1 
and 2 and t h e  t h r e e  l e n g t h s .  The l o c a t i o n  of t h e  c r i t i c a l  s e c t i o n  and 
hence L v a r i e d  w i th  d i s cha rge  and t h r o a t  l eng th .  Genera l ly  t h e  c r i t i c a l  3 
s e c t i o n  moved upstream wi th  i n c r e a s i n g  d i s cha rge .  For purposes  of a n a l y s i s ,  
cons t an t  v a l u e s  were used as shown i n  Tab le  3 .  
Table  3 - Lengths Used i n  Energy Loss Analysis  
Throat  
l e n g t h  
"Asymmetrical c o n s t r i c t i o n  
With Eq. 15 eva lua t ed  K i n  Eq. 14  can b e  c a l c u l a t e d  from t h e  
e 
exper imenta l  d a t a  t oge the r  w i th  Eq. 2 .  For s u c c e s s i v e  d i s cha rges  t h e  on ly  
unknown i n  Eq. 2 i s  now K . The r e s u l t i n g  va lue s  are shown i n  Fig .  7. 
e 
The d a t a  a r e  somewhat s c a t t e r e d  because t h e  energy l o s s  term involved  i s  
a s m a l l  f r a c t i o n  of t h e  t o t a l  measured head d i f f e r e n c e  between s e c t i o n s  1 
and 2 and thus  exper imenta l  e r r o r s  have a s t r o n g  i n f l u e n c e .  However a t rend  
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i s  c l e a r l y  seen with K being r e l a t i v e l y  cons tant  above a dimensionless 
e 
discharge of 0 . 1  and inc reas ing  a s  the  discharge decreases f o r  t h e  symmet- 
r i c a l  case.  The r e s u l t s  can be described mathematically a s  
e J3 For the  asymmetrical case K d id  n o t  r i s e  a s  s t rong ly  f o r  Q/ gD < 0 . 1  and 
a constant  value of K = 0.20 could be used f o r  a l l  discharges.  The e f f e c t  
e 
of s lope  o r  roughness on these r e s u l t s  is  n o t  s i g n i f i c a n t  i n  view of t h e  
s c a t t e r  due t o  experimental  e r r o r .  Furthermore, the  v a r i a t i o n  with r / ~  is  
no t  g r e a t  e i t h e r  f o r  0.56 < r / D  < 0.8. The asymmetrical case shows lower 
l o s s  a t  t he  lower discharges perhaps because t h e r e  i s  only one poss ib l e  
. zone of s epa ra t ion  a t  t h e  c o n s t r i c t i o n  entrance.  
4.3 - Rating Curves - Open Channel Flow 
Experimental r a t i n g  curves f o r  the  var ious  c o n s t r i c t i o n s  s tud ied  
a r e  shown i n  Figs.  8-12. The l i n e s  shown represent  t he  s o l u t i o n  t o  Eqs. 2 
and 3, using Eqs. 14 and 16 t o  compute hL f o r  t he  symmetrical cases and 
K = 0.20 f o r  the asymmetrical cases.  Of course,  s i n c e  the  values of K 
e e 
were o r i g i n a l l y  obtained from the  da ta ,  agreement is expected. The devia- 
t i ons  a t  the  lower flows a r e  t h e  r e s u l t  of the  approximation involved i n  
using Eq. 16 f o r  a l l  symmetrical cases.  
However, the  d a t a  f o r  the  hydrau l i ca l ly  s t eep  s lopes  (S 
0 
= 0.008, 0 .015) ,  show an i n t e r e s t i n g  e f f e c t ,  p a r t i c u l a r l y  a t  dimensionless 
discharges l e s s  than 0.1. For these cases the  hydraul ic  jump occurs 
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s u f f i c i e n t l y  c lo se  t o  s e c t i o n  1 t h a t  t h e  sequent  depth has  n o t  y e t  de- 
veloped, r e s u l t i n g  i n  an i n c o r r e c t l y  low reading  f o r  yl. This is p a r t i c -  
u l a r l y  c l e a r  i n  Fig. 9 a t  So = .015. The hydrau l i c  jump l o c a t i o n  curve 
shows t h a t  when t h e  beginning of the jump was w i t h i n  approximately 5 D of 
s e c t i o n  1, t h e  read ing  of y  was low. This is brought  o u t  c l e a r l y  by ob- 1 
se rv ing  i n  Fig. 9 t he  va lues  of y  when a  p o i n t  approximately 1.0 D down- 1 
s t ream i s  taken a s  s e c t i o n  1. The ca l cu l a t ed  r a t i n g  curve agrees  q u i t e  
w e l l  wi th  t h e  l a t e r  d a t a  except  f o r  a  d i scharge  l e s s  than .02 whereas 
disagreement wi th  t he  experimental  da.ta a t  t h e  o r i g i n a l  s e c t i o n  was a s  
h igh  a s  25 pe rcen t  a t  t h e  lower d i scharges .  This  same e f f e c t  is seen ,  
b u t  t o  a  l e s s e r  e x t e n t ,  f o r  S = .008 i n  F igs .  8,  9 and 10. Figure 8 shows 
0 
t h a t  f o r  a  given d ischarge  the jump occurs f u r t h e r  upstream on t h e  milder  
s l o p e ,  thus reducing i ts  e f f e c t .  This jump e f f e c t  i n d i c a t e s  t h a t  f o r  
very s t e e p  s l o p e s ,  s e c t i o n  1 should b e  l o c a t e d  w i th in  0.5 D of t h e  be- 
. ginning of t he  t r a n s i t i o n  s o  t h i s  problem can b e  minimized. 
One s e t  of d a t a  n o t  shown i n  Fig.  10 is f o r  a  t h r o a t  l ength  
of 2.25 D on a  s l o p e  of 0.015. That d a t a  i s  almost i d e n t i c a l  wi th  t h a t  
shown f o r  the  same s l o p e  and a  t h r o a t  l eng th  of 4 D. 
4 .4  - Energy Loss - F u l l  Flow 
The energy l o s s  under f u l l  f low condi t ions  was analyzed s i m i l a r l y  
t o  t h e  open channel case.  That is,  the  t o t a l  head l o s s  i n  Eq. 5  i s  con- 
s i d e r e d  t o  be  made up of t h e  f r i c t i o n  l o s s  between t h e  two measuring s e c t i o n s  
p lu s  an eddy l o s s  a s  expressed i n  Eqs. 14 and 15. However, i n  t h i s  case, E 3 
r ep re sen t s  t h e  d i s t a n c e  from the  end of t h e  en t r ance  t r a n s i t i o n  t o  t h e  
measuring s e c t i o n  ( s ec t i on  2) i n  the  c o n s t r i c t i o n .  This l eng th  was 1 .5  D 
i n  a l l  cases  except  f o r  the  asymmetrical case f o r  r / ~  = 100 where L = 1.0 D. 3 
The o t h e r  l e n g t h s  were as shown i n  Tab le  3. The f r i c t i o n  f a c t o r s  were 
e s t i m a t e d  u s i n g  Eqs. 9 ,  10 and 12 as was done f o r  t h e  open channe l  f low 
c a s e s ,  however t h e  h y d r a u l i c  r a d i u s  f o r  t h e  f u l l  c r o s s  s e c t i o n  was used.  
By i n s e r t i n g  t h e  exper imenta l  v a l u e s  f o r  t h e  p i e z o m e t r i c  head 
d i f f e r e n c e s  between s e c t i o n s  1 and 2  and t h e  measured d i s c h a r g e s  i n t o  
Eq. 5  and u s i n g  Eqs. 9 ,  10 and 12 t o  e v a l u a t e  Eq. 1 5 ,  i t  is  p o s s i b l e  t o  
compute an  e n t r a n c e  l o s s  c o e f f i c i e n t ,  Kc. The r e s u l t s  of t h i s  computa- 
t i o n  assuming a = a2 = 1 .0  a r e  shown i n  Table  4 a long  w i t h  exper imenta l  1 
d i s c h a r g e  c o e f f i c i e n t s  , C ~ '  from t h e  d i r e c t  s o l u t i o n  of Eq. 6  u s i n g  e x p e r i -  
menta l  d a t a .  
Tab le  4 
En t rance  Loss C o e f f i c i e n t s  f o r  F u l l  Flow 
* 
Asymmetrical c o n s t r i c t i o n  
r / D  
0 .8  
0.8* 
100 00 
I 0.56 1 0.56 
0.66 
0 .8  
The v a l u e s  of K shown i n  Tab le  4  a r e  averages  o v e r  t h e  e x p e r i -  
e  
J-s menta l  d i s c h a r g e  range  of approximately  0 .4  < Q/ gD < 1.25.  The a c t u a l  
E q u i v a l e n t  
Roughness ( f t )  
0.000167 
0.00333 
0.000167 
0.000167 
0.00333 
0.000167 
0.000167 
v a l u e s  ranged w i t h i n  2 3  p e r c e n t  of t h o s e  shown, g e n e r a l l y  i n c r e a s i n g  w i t h  
i n c r e a s i n g  d i s c h a r g e .  However, t h i s  v a r i a t i o n  is  n o t  s i g n i f i c a n t  i n  compar- 
Exper imental  
K 
e 
0.160 
0.160 
0.010 
0.175 
0.290 
0.180 
0.250 
i s o n  t o  t h e  v a r i a t i o n  i n  average  K v a l u e s  f o r  t h e  v a r i o u s  v a l u e s  of r / D .  
e  
With t h e  e x c e p t i o n  of r / D  = .56 (rough) and 100 t h e  v a l u e s  a r e  comparable 
Exper imental  
0.872 
0.823 
0.945 
0.870 
0.803 
0.882 
0.860 
t o  t h o s e  f o r  Q /  1 g ~ 5  > 0 . 1  f o r  t h e  open channel  f low c a s e s .  
Computed 
C (K =O.  20) D e  
0.859 
0 .811  
0.869 
0.862 
0.818 
0.876 
0.879 
P e r c e n t  
D i f f e r e n c e  
1 . 5  : 
1 . 5  
8.0 
0 .9  
1.9 
0.7 
2.2 1 
Of f u r t h e r  i n t e r e s t  i n  the  case  of f u l l  f low is t h e  t o t a l  o v e r a l l  
head l o s s  generated by t h e  c o n s t r i c t i o n .  This  in format ion  i s  u s e f u l  i n  
computing t h e  reduc t ion  i n  flow capac i ty  under f u l l  f low condi t ions .  I n  
o rde r  t o  determine t h i s  head l o s s ,  p iezomet r ic  heads were measured a t  va r ious  
p o s i t i o n s  along t h e  p ipe  both upstream and downstream from s e c t i o n  1, ex- 
tending  through t h e  c o n s t r i c t i o n  and on downstream. This  permi t ted  t h e  
cons t ruc t ion  of t he  hyd rau l i c  grade l i n e  i n  t h e  v i c i n i t y  of t h e  cons t r i c -  
t i o n .  An example is shown i n  Fig.  1 3  where t h e  head a t  s e c t i o n  1 i s  used 
a s  a  re fe rence .  By e x t r a p o l a t i n g  t h e  cons tan t  s l o p e  p o r t i o n  of t h e  hyd rau l i c  
grade l i n e  bo th  upstream and downstream of t h e  c o n s t r i c t i o n  s o  they ove r l ap ,  
t he  o v e r a l l  head l o s s  f o r  t h a t  d i scharge  can be  computed. This  l o s s ,  h~~ 
was c o r r e l a t e d  t o  the  change i n  v e l o c i t y  head through t h e  c o n s t r i c t i o n  
where C is a  t o t a l  head l o s s  c o e f f i c i e n t .  Values of C computed from h  h  
Eq. 17 and va lues  of h  determined from p l o t s  such a s  Fig.  1 3  a r e  shown LT 
on Fig.  14. Although t h e r e  was some v a r i a t i o n  i n  t h e  r e s u l t s ,  a  c o r r e l a t i o n  
of C wi th  a r e a  r a t i o  was developed a s  shown. h  
A1 Ch = 2.0 l o g  (-1 
A2 
Equations 17 and 1 8  permit t h e  computation of t h e  t o t a l  o v e r a l l  
head l o s s  generated by t h e  c o n s t r i c t i o n  under f u l l  f low condi t ions .  
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FIG.  13  HEAD DIFFERENCE VS. POSITION FOR FULL FLOW, r/D = 0.56 
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4.5 - Rating Curves - F u l l  Plow 
The experimental  d a t a  f o r  t h e  var ious  c o n s t r i c t i o n s  a r e  shown i n  
F igs .  15-19. The l i n e s  shown were computed using Eq. 5 wi th  a n  en t r ance  
l o s s  c o e f f i c i e n t  va lue  of 0.20 f o r  a l l  cases  s i n c e  t h e  experimental  v a r i a -  
t i o n  of K wi th  c o n s t r i c t i o n  shown i n  Table  4 d i d  no t  fo l low any s i g n i f i c a n t  
e 
t rend .  Also shown i n  Table 4 a r e  t h e  p red i c t ed  va lues  of CD obtained by 
computing Ah f o r  a s p e c i f i e d  Q from Eq. 5 and using t h e  r e s u l t s  i n  Eq. 6 
t o  compute C It is  seen t h a t  wi th  t h e  except ion  of r / D  = 100, t h e  com- D' 
puted va lues  of CD a r e  w i t h i n  approximately 2 percent  of t h e  experimental  
va lues .  For t h i s  one except ion a va lue  of K = 0 r e s u l t s  i n  a p r ed i c t ed  
e 
curve which agrees  w e l l  wi th  t h e  d a t a  a s  shown i n  Fig.  17. 
An equa t ion  showing t h e  r e l a t i o n s h i p  between t h e  computed va lue  
of CD and the  var ious  energy l o s s  terms can be  obtained a s  fo l lows .  By 
e l imina t ing  Ah from Eqs. 5 and 6 and s u b s t i t u t i n g  Eqs. 14 and 15  f o r  h2 
assuming a = 1 one obta ins  
where i rep re sen t s  each of t he  reg ions  shown i n  Fig.  1 and t h e  va lue  of 
f/4%A2 i n  reg ion  2 i s  the  average of t he  va lues  f o r  reg ions  1 and 3 ,  s i m i l a r  
t o  Eq. 15. Values of f  a r e  obtained by assuming a va lue  f o r  Q and using 
Eqs. 10 o r  12. Equation 19 shows t h a t  C w i l l  va ry  w i th  d i s cha rge  i f  any D 
of t h e  va lues  of f  vary ,  a s  would be  t h e  case  i f  t he  Reynolds number were i n  
t h e  t r a n s i t i o n  region.  However, t h i s  v a r i a t i o n  was found t o  be  i n s i g n i f i c a n t  
over t h e  range of experimental  d i s cha rges ,  even f o r  t h e  smooth p ipe .  
I 
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FIG. 19 FULL FLOW RATING CURVE, r / ~  = 100, ASYMMETRICAL 
4.6 - T r a n s i t i o n  Region 
Between the  open channel  and f u l l  f low cases  t h e r e  e x i s t s  a  
t r a n s i t i o n  region i n  which n e i t h e r  r a t i n g  curve a p p l i e s .  This reg ion  i s  
shown i n  Figs .  15-19. I n  t e r m s  of d i scharge  t h e  reg ion  extends from t h e  
maximum open channel d i scharge  (Q/ p gD f o r  yl/D 3 .99) f o r  an a d d i t i o n a l  
dimensionless  d i scharge  of approximately 0.1. This  region was exper i -  
menta l ly  e s t a b l i s h e d  wi th  f r e e  flow condi t ions  a t  the p ipe  e x i t .  I f  t h e  
p ipe  e x i t  were submerged t h e  region would be  reduced cons iderab ly .  
It was a l s o  observed t h a t  f o r  some s l o p e s  t h e  t r a n s i t i o n  reg ion  
f o r  i n c r e a s i n g  d ischarge  was l a r g e r  than f o r  t h e  case  of decreas ing  flow. 
In  t h e  l a t t e r  t he re  was a  tendency f o r  t h e  d a t a  t o  remain on the  f u l l  
f low r a t i n g  curve t o  d i scharges  lower than the  p o i n t  where t h e  i nc reas ing  
flow d a t a  met t h e  r a t i n g  curve. The d a t a  shown i n  Figs .  15-19 i s  f o r  the  
i n c r e a s i n g  flow case ,  which g ives  t h e  l a r g e r  t r a n s i t i o n  regions.  
From an o p e r a t i o n a l  viewpoint the t r a n s i t i o n  reg ion  can b e  
i d e n t i f i e d  by observing t h e  p iezomet r ic  heads a t  s e c t i o n s  1 and 2. When 
Y ~ / D  > 1 . 0 ,  b u t  y2/D < 1.0  t h e  flow i n  t he  t r a n s i t i o n  region and n e i t h e r  
r a t i n g  curve app l i e s .  
4.7 E f f e c t  of  K i n e t i c  Enerpy Fac tor  
I n  a l l  the  a n a l y s i s  work i t  was assumed t h a t  t h e  k i n e t i c  energy 
f a c t o r s  a t  s e c t i o n s  1 and 2, a and a , were un i ty .  This means t h a t  t h e  1 2 
l o s s  c o e f f i c i e n t s  computed using experimental  d a t a  inc lude  t h e  e f f e c t  of a. 
No a t tempt  was made exper imenta l ly  t o  measure t he  v e l o c i t y  p r o f i l e  and 
hence compute a. Since t h e  t h r o a t  l eng th  i n  the  c o n s t r i c t i o n  i s  r e l a t i v e l y  
s h o r t  i t  i s  reasonable  t o  expect  a t o  c l o s e l y  approach uni ty .  To e s t ima te  2  
t h e  a f f e c t  on Q due t o  a  v a r i a t i o n  of a from u n i t y  one can compute t h e  1 
p a r t i a l  d e r i v a t i v e  of Eq. 2  wi th  r e s p e c t  t o  a 1 
By d iv id ing  Eq. 20 by Eq. 2 the r e l a t i v e  change i n  Q f o r  a change i n  a 1 
can be obtained 
Evaluation of the  denominator of Eq. 2 1  f o r  a wide range of s lopes  and r / D  
values i n d i c a t e s  a minimum value of approximately 3 f o r  S = .002, r / ~  = 0.54 
0 
t o  a value of approximately 20 f o r  r / D  = 1.0. Thus i f  a = 1.04 one could 1 
expect  no more than approximately a 1 percent  e r r o r  i n  Q. 
It should be pointed out  t h a t  even though a was taken a s  uni ty  
i n  the  d a t a  a n a l y s i s ,  i t s  e f f e c t  has been i m p l i c i t l y  taken i n t o  account i n  . 
the  computation of the  energy l o s s  c o e f f i c i e n t s .  Thus t o  be more p r e c i s e ,  
Aa i n  Eq. 2 1  should be  t h e  v a r i a t i o n  of a from the  experimental  va lues ,  1 
i . e .  the  s c a l e  e f f e c t ,  i f  an es t imate  of A Q / Q  i s  t o  be  made f o r  the  computed 
r a t i n g  curves. This would probably reduce A Q / Q  even f u r t h e r .  
For the f u l l  flow case,  i d e n t i c a l  opera t ions  wi th  r e spec t  t o  Eq. 5 
y i e l d  Eq. 2 1  as  we l l .  However, the r a t i o  A /A i s  now only a funct ion  of 1 2  
c o n s t r i c t i o n  geometry and s i n c e  the  p ipe  i s  flowing f u l l ,  t he  r a t i o  i s  
smal le r  than f o r  the  open channel case. This r e s u l t s  i n  l a r g e r  est imated 
e r r o r s  i n  Q.  For example f o r  r / ~  = 0.56 and Aa = 0.04, A Q / Q  = 0.028. 1 
4.8 - Cons t r i c t i on  Without Control  
The previous d i scuss ion  has  been concerned only wi th  cases  where 
c o n t r o l  o r  c r i t i c a l  depth occurred i n  t he  c o n s t r i c t i o n .  A t e s t  was made 
us ing  t h e  asymmetrical c o n s t r i c t i o n  wi th  r / D  = 0.8  and S = 0.015. Under 
0 
t he se  condi t ions  c r i t i c a l  depth d i d  n o t  occur and t h e  s u r f a c e  p r o f i l e  con- 
s i s t e d  of a  hump i n  t he  c o n s t r i c t i o n  s i n c e  t h e  s lope  was s t eep .  However, 
s i n c e  t he  immediate upstream flow was s u p e r c r i t i c a l ,  s eve re  wave problems 
e x i s t e d  a t  both s e c t i o n  1 and 2,  causing s e r i o u s  e r r o r s  i n  the  measurements 
of y1 and y  These waves caused s u f f i c i e n t  problems s o  t h a t  i t  was con- 2  ' 
cluded t h a t  t h i s  scheme was i napp rop r i a t e  f o r  s t e e p  s lopes .  For mild s lopes  
t h e  change i n  depth,  y  -y i s  s u f f i c i e n t l y  smal l  t o  genera te  r a t h e r  l a r g e  1 2'  
e r r o r s  i n  es t imated  d ischarge  f o r  a  given e r r o r  i n  t he  measurement of y  1 
and y  Furthermore, from a  p r a c t i c a l  s t andpo in t  the  measurement of an 2  ' 
a d d i t i o n a l  depth f o r  open channel flow decreases  t h e  r e l i a b i l i t y  of t h e  system. 
Therefore  t h e  use of a  meter without  c o n t r o l  i s  n o t  recommended. 
4.9 - E f f e c t  of Cons t r i c t i on  Geometry on Open Channel Flow Capacity 
I n  choosing t h e  geometry f o r  a  s p e c i f i c  i n s t a l l a t i o n  one must f i r s t  
be assured  t h a t  t h e  va lue  of r / D  chosen w i l l  r e s u l t  i n  c o n t r o l  over t he  f u l l  
range of open channel flow. I n  o rde r  t o  e s t ima te  t h i s  a  computer a n a l y s i s  
of t h e  symmetrical case w i th  k  / D  = 0.001was  performed. The minimum va lue  
S 
of r / D  r equ i r ed  f o r  c o n t r o l  w i th  a  symmetrical c o n s t r i c t i o n  over  t h e  e n t i r e  
p o s s i b l e  range of open channel flow a t  var ious  s lopes  is shown i n  Fig.  20. 
It i s  seen  t h a t  t h e  minimum va lue  drops t o  0.52 f o r  0.003 < S < 0.008 and 
0 
i nc reases  on e i t h e r  s i d e  of t h i s  range. Figure 20 assumes t h a t  no backwater 
e f f e c t s  from p ipe  e x i t  condi t ions  extend upstream f a r  enough t o  reach t h e  
c o n s t r i c t i o n .  For t he  asymmetrical use ,  Fig.  21 can be  used t o  o b t a i n  an 
r / D  va lue  which would y i e l d  t h e  same f u l l  f low a r e a  a s  t h e  symmetr ical  r / D  
va lue  ob t a ined  from Fig.  20. S ince  t h e  depth where c o n t r o l  i s  j u s t  b a r e l y  
main ta ined  v a r i e s  and i s  always l e s s  than D, t h i s  method of t rans forming  
Fig.  20 t o  t he  asymmetr ical  c a se  i s  an approximation.  However, t h e  shape of 
t h e  dep th  vs. a r e a  curves  i s  s i m i l a r  f o r  t h e  two c a s e s ,  t h e  approximat ion 
is j u s t i f i e d .  This  shows, f o r  example, t h a t  f o r  So < .001 an r / D  =i 0 .67  is  
r e q u i r e d  f o r  a symmetr ical  c o n s t r i c t i o n  and t h e  equ iva l en t  r / D  f o r  t h e  
asymmetr ical  c a se  i s  approximately  100, o r  a v e r t i c a l  w a l l .  For s l o p e s  
lower than t h i s  t h e  asymmetr ical  c o n s t r i c t i o n  w i l l  n o t  produce c o n t r o l  
un l e s s  s / D  i s  reduced.  This  i s  n o t  recommended, however, s i n c e  i t  w i l l  
reduce t h e  f r e e  r eg ion  n e a r  t h e  i n v e r t  needed f o r  s e l f  - c lean ing .  
The r e d u c t i o n  i n  c apac i t y  due t o  i n s t a l l a t i o n  of a c o n s t r i c t i o n  
depends on how "capaci ty"  i s  def ined .  I n  many ca se s  t h e  system i s  des igned  
f o r  open channe l  f low. I n  t h i s  case  t h e  maximum f low  occurs  a t  a normal 
dep th ,  y / D  = 0.93. The d i s cha rge  a t  y /D = 0.93 i s  termed Qmax. With a 
n n 
c o n s t r i c t i o n  i n  p l a c e  t h e  dep th  a t  s e c t i o n  1 i s  always g r e a t e r  than  normal 
and t h e  d i s cha rge  a t  which y ID = 0.99 i s  c a l l e d  Q*. The r a t i o  Q"/Qmax i s  1 
a measure of t h e  r e d u c t i o n  i n  c apac i t y  and i s  shown i n  Fig .  2 1  as a func t i on  
* 
of s l o p e  and r / D .  It i s  seen  t h a t  t h e  v a r i a t i o n  i n  Q /Qmax i s  s i g n i f i c a n t ,  
bo th  w i t h  S and r / D .  
0 
4.10 - E r r o r  Ana lys i s  
Another v a r i a b l e  which a f f e c t s  t h e  cho ice  of geometry i s  t h e  
d e s i r e d  accuracy.  An e s t i m a t e  of t h e  r e l a t i v e  e r r o r  f n  d i s cha rge  r e s u l t i n g  
from an e r r o r  i n  measurement of y / D  f o r  open channe l  f low can b e  ob t a ined  1 
by cons ide r i ng  a s i m p l i f i e d  form of Eq. 2 i n  d imens ion less  form 
3d01S 'SA TOXdN03 X0d a/J WINIW OZ '3Id 
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I n  Eq. 22 i t  i s  assumed t h a t  t h e  s l o p e  and energy l o s s  terms i n  Eq. 2  o f f s e t  
each o t h e r  and a = a = 1.0 .  Also s i n c e  c o n t r o l  is assumed, y  and A2 1 2  2  
a r e  r e p l a c e d  by c r i t i c a l  v a l u e s  y  and A r e s p e c t i v e l y .  D i f f e r e n t i a t i o n  of 
C C 
Eq. 22 w i t h  r e s p e c t  t o  y  and d i v i d i n g  t h e  r e s u l t  by Eq. 22 y i e l d s  1 
Equat ion 23 shows t h a t ,  f o r  a  s p e c i f i e d  Ay A Q l q  w i l l  v a r y  w i t h  yl  and y  1 ' C 
and hence d i s c h a r g e .  I n  o r d e r  t o  d e s c r i b e  t h i s  v a r i a t i o n  F i g s .  22 and 23 
were c o n s t r u c t e d  f o r  t h e  symmet r ica l  c a s e  of k / D  = .001. F i g u r e  22 shows 
S 
t h e  r a t i o  o f  t h e  d i s c h a r g e  a t  which A Q / Q  = .05 ,  denoted Q .05'  Qmax a s  a 
f u n c t i o n  of s l o p e  and r / D  f o r  Ay /D = .01. The r e l a t i v e  e r r o r  of .05 was 1 
a r b i t r a r i l y  chosen as an a c c e p t a b l e  e r r o r  and Ay /D = . 0 1  i s  a conven ien t  1 
b a s e  v a l u e .  The d i s c h a r g e  Q was chosen a s  a r e f e r e n c e  v a l u e  s i n c e  i t  
max 
can b e  computed p r i o r  t o  choosing t h e  v a l u e  o f  r / D  f o r  t h e  c o n s t r i c t i o n .  
A l l  d i s c h a r g e s  below Q a O 5  a r e  s u b j e c t  t o  r e l a t i v e  e r r o r s  l a r g e r  t h a n  .05. 
Th is  i s  s e e n  i n  Fig .  23 which shows A Q / Q  a s  a  f u n c t i o n  of Q/Q'\ f o r  v a r i o u s  
v a l u e s  o f  r / D  a t  a  s l o p e  of .002 and 0.012. T h i s  shows t h a t  i n c r e a s i n g  
t h e  s l o p e  f o r  a  g iven  c o n s t r i c t i o n  w i l l  reduce t h e  r a n g e  of d i s c h a r g e  
which is  w i t h i n  s p e c i f i e d  r e l a t i v e  e r r o r  l i m i t .  To p u t  i t  a n o t h e r  more 
u s e f u l  way, f o r  a  g i v e n  s l o p e  one must i n c r e a s e  r / D  t o  i n c r e a s e  t h e  range  
of d i s c h a r g e  below a  s p e c i f i e d  r e l a t i v e  e r r o r .  
It shou ld  b e  emphasized t h a t  F igs .  22 and 23 were c o n s t r u c t e d  
assuming t h a t  t h e  e r r o r  i n  measuring y  /D i s  0 .01 f o r  a l l  f lows.  Th is  1 
means t h a t  t h e  r e l a t i v e  e r r o r  i n  yl ,  Ay /y v a r i e s  w i t h  y  from 0 . 0 1  a t  1 1' 1 
y1 = D t o ,  f o r  example 0 . 1  a t  y  = 0.1D. However, Eq. 23 shows t h a t  1 
AQ/Q is d i r e c t l y  p r o p o r t i o n a l  t o  Ay s o  t h a t  i n f o r m a t i o n  from F i g s .  22 1 
and 23  can b e  l i n e a r l y  a d j u s t e d  f o r  v a l u e s  of Ay / D  + 0.01.  1 
F i g u r e s  21-23 can be  used t o  dec ide  on an a p p r o p r i a t e  v a l u e  f o r  
r / ~  g iven  s p e c i f i e d  v a l u e s  of Q * / Q ~ ~ ~ ,  So, and a range of f low which shou ld  
b e  measured t o  an  accuracy of 5  p e r c e n t .  For example, assume a  maximum 
a l l o w a b l e  r e d u c t i o n  i n  c a p a c i t y  i s  20 p e r c e n t ,  i . e .  Q*/Q = 0.80. I f  
max 
S = .004 t h e n  from Fig .  2 1  t h e  l a r g e s t  a c c e p t a b l e  r / D  v a l u e  i s  approxi-  
0 
mate ly  0.53. From Fig.  22 t h e  corresponding v a l u e  of Q .05 /Q max i s  approxi-  
mate ly  0.32.  Tha t  i s ,  a l l  f lows below .32 Q - a r e  s u b j e c t  t o  a r e l a t i v e  
max 
e r r o r  of 5  p e r c e n t  o r  g r e a t e r  f o r  r e l a t i v e  e r r o r  of . O 1  i n  measur ing y  I D .  1 
'If i t  i s  dec ided  t h a t  more accuracy a t  t h e  lower f lows i s  d e s i r e d ,  s a y  
Q S o 5  = 0.20 Qmax is s p e c i f i e d ,  t h e n  r / D  = 0.56 is  r e q u i r e d  which w i l l  r e s u l t  
i n  a r e l a t i v e  c a p a c i t y ,  Q*/Q , of 0.65 from Fig.  2 1  o r  a c a p a c i t y  reduc- 
max 
t i o n  of 35 p e r c e n t .  
Under f u l l  f low condi , t ions  t h e  r e l a t i v e  e r r o r  i n  d i s c h a r g e  can 
b e  o b t a i n e d  by d i f f e r e n t i a t i n g  Eq. 6. The r e s u l t  i s  
which s t a t e s  s imply t h a t  t h e  r e l a t i v e  e r r o r  i n  d i s c h a r g e  i s  h a l f  of t h e  
r e l a t i v e  e r r o r  i n  measuring t h e  head d i f f e r e n c e  between s e c t i o n s  1 and 2. 
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4.11 - Ef fec t  of Unsteady Flow 
A l l  previous c a l c u l a t i o n s  and experimental  work was done assuming 
s teady  flow. The d i f f i c u l t i e s  a s soc i a t ed  wi th  unsteady flow experiments 
would make the  a d d i t i o n a l  information obtained of ques t ionable  va lue  because 
of t h e  e r r o r s  involved. However, a crude t h e o r e t i c a l  a n a l y s i s  of t h e  e f f e c t  
of unsteadiness  can be made by e s t ima t ing  t h e  magnitude of t h e  unsteady term 
1 av i n  the  energy equat ion.  This term i n  dimensional form i s  - T- and i t s  e f f e c t  
f5 d t  
on t h e  r a t i n g  curve can be est imated by adding i t  t o  t he  terms i n  Eq. 2. 
where h = dx. From Eq. 25 i t  can be seen t h a t  i f  the  d ischarge  i s  
a IL ix 
i nc reas ing  the  unsteady term is  e f f e c t i v e l y  an a d d i t i o n a l  energy l o s s  and 
the  s t eady  flow r a t i n g  curve overest imates  t he  d ischarge ,  whereas i f  t h e  
flow is decreasing t h e  discharge is  underestimated. 
I n  order  t o  e s t ima te  the  magnitude of h consider  a dimensionless 
a 
hydrograph (Q/Qp,  t / t  ) based on the peak d ischarge  Q and i t s  corresponding 
P P 
time t . Assume t h a t  the  maximum s lope  of t h e  r i s i n g  limb i s  given by 
P 
d ( Q / Q p ) / d ( t / t p )  = 2. Assume t h a t  t = 5 min and the  p ipe  diameter = 3 f t .  
pr 
Then i n  dimensionless form t '  = t /:= 982. Let Q assume the  maximum 
P P P 
dimensionless va lue  f o r  open channel flow i n  the  p ipe ,  which from t h e  r a t i n g  
curves,  Figs .  9-13, might be 0.4. Thus 
and 
where t h e  primes deno te  dimensionless  q u a n t i t i e s  and A'  is taken  as 0.5 .  
This  r e s u l t  i s  a h i g h  e s t i m a t e  of t h e  a c c e l e r a t i o n  term and thus  s e r v e s  as 
a h i g h  e s t i m a t e  of t h e  unsteady e f f e c t .  It is s e e n  t h a t  i t s  v a l u e  i s  of 
t h e  same o r d e r  of magnitude as t h e  s l o p e  S and t h e  s t e a d y  f low head  l o s s  
0 
hL. Its e f f e c t  on t h e  d i s c h a r g e  can b e  e s t i m a t e d  by d i f f e r e n t i a t i n g  Eq .  2  
i n  dimensionless  form w i t h  r e s p e c t  t o  h  and then d i v i d i n g  by Eq.  2 ,  s i m i l a r  
a  
t o  t h e  p r o c e s s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  The r e s u l t  i s  
The f o l l o w i n g  a r e  t y p i c a l  v a l u e s  f o r  t h e  symmetr ical  c o n s t r i c t i o n  r / D  = .58 ,  
ks/D = .001 and LID = 3.0. 
Taking Aha = .0016 and s u b s t i t u t i n g  t h e  above v a l u e s  i n t o  Eq .  25 t h e  r e s u l t  
is AQ/Q = .0029 which shows t h a t  t h e  e f f e c t  of unsteady f low i s  l e s s  t h a n  
one p e r c e n t  and i s  n o t  s i g n i f i c a n t .  
The above a n a l y s i s  assumed t h a t  t h e  unsteady flow was g r a d u a l l y  
v a r i e d .  For t h e  c a s e  of r a p i d l y  v a r i e d  flow i n  t h e  form of  a  s u r g e  t h e  
c o n s t r i c t i o n  w i l l  n o t  perform s a t i s f a c t o r i l y  u n t i l  t h e  s u r g e  h a s  passed.  
This  c o n d i t i o n  shou ld  b e  e v i d e n t  from t h e  v a l u e s  of y  ID. 1 
5 .  
5. CONCLUSIONS AND KECOMMENDATIONS 
1. A Ventur i  type  f low mete r  f o r  measurement of sewer f lows under b o t h  
open channe l  and f u l l  f low c o n d i t i o n s  i s  f e a s i b l e .  
2. I t s  advantages  a r e  low c o s t  and s imple  o p e r a t i o n .  Two p r e s s u r e  
s e n s o r s  a r e  r e q u i r e d .  
3. I ts  d i s a d v a n t a g e s  are t h a t  t h e  c a p a c i t y  of t h e  p i p e  i s  reduced due t o  
t h e  added energy l o s s  caused by t h e  c o n s t r i c t i o n  and t h a t  t h e  chances  
of c logg ing  a r e  i n c r e a s e d .  
4. The i n f o r m a t i o n  i n  t h i s  r e p o r t  can b e  used t o  c o n s t r u c t  t h e o r e t i c a l  
r a t i n g  curves  i f  exper imenta l  c a l i b r a t i o n  i s  i m p r a c t i c a l  o r  t o o  c o s t l y .  
The procedure  i s  d e s c r i b e d  i n  Appendix A. The e r r o r  i n  d i s c h a r g e  
w i t h o u t  exper imenta l  c a l i b r a t i o n  shou ld  h e  w i t h i n  5  p e r c e n t  f o r  t h e  
upper  75 p e r c e n t  of t h e  open channe l  f low range  i f  t h e  e r r o r  i n  
p r e s s u r e  head measurement i s  w i t h i n  . O 1  D. 
5. The d i f f e r e n c e  i n  performance between t h e  symmetr ical  and asymmetr ical  
c o n s t r i c t i o n s  i s  n o t  g r e a t .  There i s  s l i g h t l y  lower energy l o s s  f o r  
t h e  asymmetr ical  c a s e ,  however t h e  wave p a t t e r n  t h u s  g e n e r a t e d  i s  more 
s e v e r e .  The area-depth  curves  f o r  t h e  two c a s e s  are q u i t e  similar i n  
shape  and hence t h e  r a t i n g  curves  a r e  a s  w e l l .  S i n c e  a p a r t i c u l a r  
d e s i g n  r e q u i r e s  a  p a r t i c u l a r  area-depth  curve ( r / D  v a l u e )  f o r  optimum 
performance,  t h e  v a l u e  of r / D  r e q u i r e d  f o r  t h e  asymmetr ical  c a s e  w i l l  
s imply b e  l a r g e r  t h a n  t h e  symmetr ical  case .  
6. The t h r o a t  l e n g t h  shou ld  b e  a t  l e a s t  2.25 D. There i s  no advantage i n  
a  t h r o a t  l e n g t h  l a r g e r  than  4.0 D. The e n t r a n c e  and e x i t  t r a n s i t i o n s  
shou ld  b e  on a  1:4  s l o p e .  S t e e p e r  s l o p e s  might i n c r e a s e  t h e  e n t r a n c e  
l o s s  c o e f f i c i e n t  and d e c r e a s e  t h e  d i s c h a r g e  c o e f f i c i e n t .  The upst ream 
measuring s e c t i o n  shou ld  b e  l o c a t e d  approximately  D / 3  upstream from 
t h e  beg inn ing  of t h e  e n t r a n c e  t r a n s i t i o n .  The o t h e r  measur ing s e c t i o n  
shou ld  b e  l o c a t e d  approximately  t h e  c e n t e r  o f  t h e  t h r o a t .  
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Appendix A 
THEORETICAL CALIBRATION PROCEDURE 
1. Determine t h e  p i p e  d iamete r ,  s l o p e  and roughness  f o r  t h e  i n s t a l l a t i o n .  
2. From F i g s .  20-23 de te rmine  t h e  b e s t  v a l u e  of r / D  f o r  t h e  s p e c i f i e d  
c o n d i t i o n s  a s  d e s c r i b e d  i n  Sec.  4.10. 
3.  The s o l u t i o n  t o  t h e  energy e q u a t i o n  f o r  open channe l  f low is  i m p l i c i t  
and r e q u i r e s  an i t e r a t i v e  procedure .  The b e s t  g e n e r a l  p rocedure  is  t o  
assume t h e  d i s c h a r g e  and t h e n  compute t h e  cor responding  y  v a l u e .  The 1 
energy e q u a t i o n  i n  a p p r o p r i a t e  d imens ion less  form i s  
S i n c e  y  i s  c r i t i c a l  i t  can b e  determined from Eq. 3  i n  d imens ion less  form 2 
A l o g i c a l  p rocedure  i s  a s  f o l l o w s :  
a )  Assume a  normal d e p t h ,  yn. 
b)  Compute t h e  d i s c h a r g e  u s i n g  e i t h e r  Manning's o r  t h e  
Darcy-Weisbach e q u a t i o n .  
c )  Solve  Eq. 2-A f o r  A2. Th i s  i s  an  i m p l i c i t  s o l u t i o n  r e q u i r i n g  
t h e  g e o m e t r i c a l  r e l a t i o n s h i p  between y  2' B 2  and A a s  g iven  2  
i n  Appendix B .  
d)  Assume y = 1 . 2  yn. Th is  i s  an i n i t i a l  guess  and i s  used t o  1 
compute A and p a r t  of t h e  head l o s s .  1 
e) Using Eq. 16 compute K . 
C 
f )  Using Eqs. 1 5 ,  8 ,  9 ,  1 0  and 12  t o g e t h e r  w i t h  t h e  a p p r o p r i a t e  
L .  v a l u e s  t h e  h  term can b e  e v a l u a t e d .  
1 L 
g)  With t h e  computat ion of LS a l l  terms on t h e  r i g h t  hand s i d e  
0 ' 
of Eq. (1-A) a r e  known and t h e  i n i t i a l  v a l u e  o f  yl can b e  
computed. T h i s  v a l u e  shou ld  b e  compared w i t h  t h a t  assumed i n  
s t e p  3 ( c ) .  If they  a r e  n o t  w i t h i n  t h e  d e s i r e d  p e r c e n t a g e  
d i f f e r e n c e  t h e  new v a l u e  of y  shou ld  b e  used and s t e p s  e-g 1 
r e p e a t e d .  
h )  A new v a l u e  of y  is assumed and s t e p s  3 (b) - (g )  r e p e a t e d .  
n  
T h i s  shou ld  b e  r e p e a t e d  u n t i l  t h e  r a t i n g  curve  i s  d e f i n e d  t o  
t h e  l e v e l  of d e t a i l  d e s i r e d .  
4. The f u l l  f low c a l i b r a t i o n  curve  i s  somewhat s i m p l e r  t o  compute s i n c e  
b o t h  A1 and A a r e  known. I n  d imens ion less  form t h e  energy e q u a t i o n  2  
can b e  w r i t t e n  
a )  Assume a  v a l u e  of Q beg inn ing  above t h e  h i g h e s t  v a l u e  on t h e  
open channel  r a t i n g  curve.  
b )  Using Eq. 19 w i t h  Kc = 0.2 and t h e  a p p r o p r i a t e  L v a l u e s  i 
compute C Note t h a t  i f  t h e  f r i c t i o n  f a c t o r s  a r e  independent  D' 
of Reynolds number, CD i s  c o n s t a n t .  
c )  Compute t h e  corresponding Ah from Eq. 3-A. I f  C i s  c o n s t a n t  D 
t h e  r a t i n g  curve  i s  determined f o r  a l l  Q. I f  n o t  assume 
i n c r e a s i n g  v a l u e s  of Q and r e p e a t  3 (b)  and 3 ( c ) .  
Appendix B 
CONSTRICTION GEOMETRY ItELATIONSHIPS 
I n  o r d e r  t o  compute t h e  t h e o r e t i c a l  r a t i n g  curve i t  is necessa ry  
t o  d e s c r i b e  mathemat ica l ly  t h e  v a r i o u s  g e o m e t r i c a l  p r o p e r t i e s  of t h e  
c o n s t r i c t i o n .  R e f e r r i n g  t o  F ig .  24, t h e  t h r o a t  c r o s s  s e c t i o n  f o r  t h e  
symmetr ical  c a s e  i s  c o n s t r u c t e d  from two segments of c i r c l e s  of r a d i u s  r 
w i t h  c e n t e r s  d i s p l a c e d  a  d i s t a n c e  from t h e  p i p e  c e n t e r l i n e  a long  i t s  
h o r i z o n t a l  d i a m e t r i c a l  p lane .  A  p ,  q  c o o r d i n a t e  sys tem i s  e s t a b l i s h e d  w i t h  
i t s  o r i g i n  a t  t h e  c e n t e r  of t h e  p ipe .  T h i s  n o t a t i o n  is used t o  avoid  
confus ion  w i t h  t h e  dep th  of f low y  which is measured from t h e  p i p e  i n v e r t .  
The c o n s t r i c t i o n  i n t e r s e c t s  t h e  p i p e  a t  p  = +S, - q  = +q . The a n g l e  
- s 
subtended by t h e  i n t e r s e c t i o n  of t h e  w a t e r  s u r f a c e  extended t o  i n t e r s e c t  
t h e  p i p e  w a l l  is denoted by 8 .  
The fo l lowing  r e l a t i o n s  can b e  w r i t t e n  
8 1T_ = 5 [ I  - cos -1 
D 2  
4w 
- - - 
8 
D .5 cos  - 2  
where i s  t h e  o r d i n a t e  of any p o i n t  on t h e  w a t e r  s u r f a c e .  
The e x p r e s s i o n  f o r  a ,  t h e  d i sp lacement  of t h e  c o n s t r i c t i o n  r a d i u s ,  
i n  terms of t h e  s p e c i f i e d  q u a n t i t i e s  r ,  S  and D can b e  o b t a i n e d  from t h e  
s imul taneous  s o l u t i o n  of t h e  e q u a t i o n s  f o r  t h e  p i p e  and t h e  c o n s t r i c t i o n .  
The r e s u l t  i s  
The c r o s s  s e c t i o n  can b e  d i v i d e d  i n t o  t h r e e  r e g i o n s  as shown i n  
Fig .  24 and e x p r e s s i o n s  f o r  t h e  a r e a  and w a t e r  s u r f a c e  wid th  w r i t t e n  f o r  
each  r e g i o n .  Region 1 is bounded below by t h e  p i p e  i n v e r t  and above by 
- - 
qw - q where S 
Within  r e g i o n  1 (q 5 - qs) W 
8 
S 
qs = .5D cos  (-) 2 
8  -1 2s 
s = 2 s i n  
D~ A = -(8 8 - s i n  8) 
Within  r e g i o n  2  (-q 5 R 5 qs) S 
D~ 2  2  1 / 2  A = - 
8 (eS - s i n  8  ) + q ( r  S W 
2  -1 qw -1 9 s  + r [ s i n  (T) + s i n  (;-)I - 2a (qw + qs) (9-B) 
Within  r e g i o n  3 ( 4w 9 s )  
U U A = A  + 8 ( 8  - s i n e )  - -  1 8 s s ( 2 ~  - 8 - s i n  8  ) 
where A = Eq. 9-B evaluated at 1 R = 's
B 0 
- = sin - 
n 2 (12-B) 
The corresponding area relationships for the asymmetrical case for regions 
2 and 3 are given by 
A 1 D = - A + - (0 - sine) 
asym 2 sym 16 
B 1 = - B  D 0 + - sin - 
asym 2 sym 2 2 
For full flow the area relationship for the symmetrical case 
becomes 
D 2 9 -1 s A = - 4 (OS - sin0 s ) + 2r sin (T) + 4Sq s 
The asymmetrical case can be easily computed from Eq. 15-B. 
A 2 
A - sym + !EL 
asym 2 8 
Figure 25 shows a graphical relationship between area and r/D for full flow 
for S/D = 0.1. This shows that an asymmetrical constriction with r/D = 100 
is equivalent to a symmetrical constriction with r/D = 0.66, assuming 
S/D = 0.1. This means that if a symmetrical constriction with r/D > 0.66 
is required for control or accuracy, an equivalent asymmetrical constriction 
is not possible if S/D = 0.1. 
Region 3 \  
Region I' I 
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FIG. 25 CONSTRICTION AREA VS. r / D  FOR FULL FLOW 
